We exposed non-diapause eggs of the rice leaf bug Trigonotylus caelestialium to a low temperature (4°C) and investigated the effects on hatching, nymphal survival, and developmental periods with a view to obtaining many newly hatched nymphs or newly emerged adults on the same day. When eggs were stored at a constant temperature of 25°C, 54.1% of nymphs and 50.9% of adults emerged on the 7th day and the 20th day after collecting them for 24 h, respectively. The hatching rates of eggs exposed to the low temperature for 7, 10, and 13 day were significantly lower than that of eggs maintained at 25°C. However, compared to the non-exposure group, only a small decrease in the hatching rate was observed in the 4-d exposure group (8.1%). Further, exposing the eggs to the low temperature did not affect the survival of the nymphs to adult emergence or the developmental periods. These results suggest that the exposure of eggs to the low temperature for 4 d or less should be a simple and useful method for obtaining many nymphs and adults on the same day.
INTRODUCTION
The rice leaf bug, Trigonotylus caelestialium (Kirkaldy), is one of the most destructive pests affecting Japanese rice production. Feeding by this species on the developing grains reduces their quality since pecky rice grains characterized by brown or black marks around the feeding site are produced (Okuyama and Inouye, 1974; Niiyama, 2000; Ishimoto, 2004a; Ito, 2004; .
In order to investigate the biological characteristics of T. caelestialium, a rearing method using wheat, Triticum aestivum, seedlings was developed in 2000 (Higuchi and Takahashi, 2000; Ito, 2000) . Because this method is remarkably useful for maintaining stock cultures, researchers have subsequently carried out many studies on the biology of T. caelestialium using this rearing method (Mima et al., 2002; , 2006 Takita, 2002; Higuchi and Takahashi, 2003 Goto and Higuchi, 2004; Ishimoto, 2004b Ishimoto, , 2007 Ito, 2004 Ito, , 2007 Kakizaki, 2004; Kobayashi and Kikuchi, 2004; Shiba and Sugawara, 2005; Ishimoto and Sato, 2006; Takahashi, 2006; Fukuyama et al., 2007; Higuchi et al., 2007; Niiyama et al., 2007) . However, if the nymphs of T. caelestialium were to hatch simultaneously from eggs laid by females on consecutive days, the experiments on this insect would certainly become more efficient since many same-day-old bugs could be obtained synchronously on the same day. The developmental zero temperature of the non-diapause eggs of T. caelestialium is estimated to be approximately 10.5°C (Okuyama and Inouye, 1975; Takahashi and Higuchi, 2001) . Thus, by depositing eggs daily in a refrigerator maintained at a temperature below the developmental zero temperature and setting all the deposited eggs in an incubator at the same time, we might be able to fix the day of egg hatching and thereby obtain newly hatched nymphs or newly emerged adults in sufficient numbers on the same day. However, exposing the eggs to a low temperature might negatively af-fect subsequent offspring growth.
Therefore, in the present study, we exposed T. caelestialium eggs to a low temperature in order to determine the effects on hatching, nymphal survival, and developmental periods. The exposure temperature was set to 4°C, which is typically the standard refrigerator temperature.
MATERIALS AND METHODS

Insects.
Adults of T. caelestialium were collected from pasture fields in Tendo City, Yamagata Prefecture (38°37ЈN, 140°34ЈE), Japan, from June to August 2005. The stock culture was maintained on approximately 40 young wheat seedlings as the oviposition substrates and foods in a transparent acrylic cylinder (diameter, 10 cm; height, 20 cm) at 25°C under a 16L : 8D photoperiod, as described by Higuchi and Takahashi (2000) and Ito (2000) . The wheat seeds were sown on a piece of absorbent cotton contained in a cylinder.
Synchronizations of hatching and adult emergence. In order to estimate synchronizations of hatching and adult emergence, we investigated frequency distributions of nymphs and adults that emerged on the same day from eggs maintained at a constant temperature of 25°C. Approximately 25 females of T. caelestialium, at 4 to 14 d after emergence were confined with same numbers of males in each of 3 acrylic cylinder cages (diameter, 10 cm; height, 20 cm) containing young wheat seedlings and were allowed to deposit eggs on the seedlings for 24 h at 25°C under a 16L : 8D photoperiod. After the eggs were collected, the number of newly hatched nymphs was counted every 24 h. Nymphs that hatched on the same day were transferred to same polystyrene cages (7.2ϫ7.2ϫ 9.8 cm) that contained approximately 15 wheat seedlings (less than 120 nymphs per cage) and were reared at 25°C under a 16L : 8D photoperiod. Thereafter, the number of newly emerged adults was also counted every 24 h.
Exposure of eggs to low temperature. Females of T. caelestialium (nϭ50) at 6 to 8 d after emergence were individually confined in a glass cylinder (diameter, 2.4 cm; height, 7.5 cm) with 8 to 10 wheat seedlings at 25°C under a 16L : 8D photoperiod. All the females deposited fertilized eggs on the seedlings and were maintained in the cylinders for 48 h in order to collect a sufficient number of eggs to conduct the relevant experiments. The cylinders containing the eggs deposited on the seedlings were divided into 5 groups (nϭ10 for each group). The eggs of the control group were maintained at a constant temperature of 25°C under a 16L : 8D photoperiod. The eggs of the low-temperature exposure groups were initially maintained at 4°C, which was stable during the experiment, under a 0L : 24D photoperiod for 4, 7, 10, or 13 d, after which they were transferred to an incubator and maintained at 25°C under a 16L : 8D photoperiod.
Egg hatching, nymphal survival, and developmental periods. The number of eggs deposited on the seedlings was counted on the 3rd day after transfer to 25°C. From 5 to 9 d after the transfer, the number of newly hatched nymphs was recorded every 24 h. In each group, the hatching rate of the eggs was calculated as the percentage of the total number of nymphs that hatched from the total number of eggs deposited by 10 females over a period of 48 h. Newly hatched nymphs (100 to 150 for each group) were transferred to a polystyrene cage (7.2ϫ7.2ϫ9.8 cm) and were reared as described above. The seedlings were replaced every 3 d. The number of newly emerged adults was recorded every 24 h from 17 to 24 d after the transfer to 25°C.
Statistics. The rates of egg hatching and nymphal survival of the control and each low temperature exposure group were compared using Fisher's exact probability test with Bonferroni correction. Data on the number of eggs and hatched nymphs, and developmental periods were analyzed by the Kruskal-Wallis test.
RESULTS
When eggs were collected for 24 h and were maintained at a constant temperature of 25°C, we obtained 54.1% of all the nymphs on the 7th day ( Fig. 1a ) and 50.9% of all the adults on the 20th day after collecting the eggs (Fig. 1b) The hatching rates of the eggs exposed to the low temperature for 7, 10, and 13 d were significantly lower than that of the control (Fisher's exact probability test with Bonferroni correction; Fig. 2 ). Compared to the control, the decreases in the hatching rates of the 7-, 10-and 13-d exposure groups were 15.9, 51.2, and 46.4%, respectively. However, it was lower (8.1%) in the 4-d exposure group. In contrast, the survival rates to adult emergence of the nymphs in all the exposure groups were almost equal to that of the control (Fig. 3) . The developmental periods from the transfer of the eggs to 25°C to hatching and to adult emergence were almost identical for the 5 groups (Fig. 4) .
DISCUSSION
Wheat plants are known as a suitable food for T. caelestialium (Okuyama et al., 1983) as well as the low spear grass, Poa annua (Kakizaki, 1997) . Females that are reared on wheat seedlings deposit a considerably higher number of eggs over their lifetimes Takahashi, 2003, 2004; Takahashi and Higuchi, 2006) compared to those reared 439 Exposure of Eggs to Low Temperature Fig. 2 . The hatching rate of T. caelestialium eggs deposited on wheat seedlings at 25°C under 16L : 8D, following exposure of the eggs to a low temperature (4°C) for 0 (control), 4, 7, 10, or 13 d. The number of eggs examined is shown in parentheses. Significant differences were observed between the control and the 7-, 10-, and 13-d exposure groups (Fisher's exact probability test with Bonferroni correction, *** pϽ 0.001, **** pϽ0.0001). Fig. 3 . The survival rate in the nymphal stage at 25°C under 16L : 8D, following exposure of T. caelestialium eggs to a low temperature (4°C) for 0 (control), 4, 7, 10, or 13 d. The number of nymphs examined is shown in parentheses. No significant differences were observed between the control and other groups (Fisher's exact probability test with Bonferroni correction). on rice seedlings (Okuyama and Inouye, 1975) ; the leaf blades of redtop grass, Agrostis alba, orchard grass, Dactylis glomerata, tall fescue, Festuca arundinacea, and green bristle grass, Setaria viridis (Blinn and Yonke, 1986) ; the leaf blades and/or ears of Italian ryegrass, Lolium multiflorum, and many other gramineous weeds . Thus, the rearing method using wheat seedlings that was developed in 2000 (Higuchi and Takahashi, 2000; Ito, 2000) has contributed greatly to studies that examine the biology of T. caelestialium. Furthermore, Ishimoto and Sato (2006) have reported that supplementing the wheat seedlings used as a food source with wheat or hulled rice grains improves the fecundity and longevity of T. caelestialium females compared to conditions under which wheat seedlings alone were used as the food. In the present study, females reared on wheat seedlings had access to wheat grains on a piece of absorbent cotton. Indeed, if the females at 6 to 8 d after emergence were reared individually and were allowed to deposit eggs over a period of 48 h at 25°C under a 16L : 8D photoperiod, they produced as many eggs and nymphs (ap-proximately 17 eggs and 15 nymphs per day per female) as the young females fed on wheat seedlings supplemented with grain (Ishimoto and Sato, 2006) . Thus, by rearing females on wheat seedlings supplemented with grain, researchers should be able to obtain many bugs. On the other hand, we obtained approximately 7 nymphs per day per female if 25 females at 4 to 14 d after emergence were reared together in a cage and were allowed to deposit eggs for 24 h. Although the reason for this difference is unclear, the age and physiological conditions of the females and the rearing condition (i.e., individual or mass) may be the contributory factors. For instance, Higuchi and Takahashi (2003) reported that T. caelestialium females produced a large number of eggs from the 5th to 9th days after the emergence if they were reared at 25°C under a 16L:8D photoperiod but, after that, as they grew older, the number of eggs deposited by them showed a linear decrease. Thus, even when adults originate from the same population, the number of individuals obtained is likely to be variable depending upon the prevailing conditions. Moreover, it is expected that it will be varied among stock cultures originated from different populations.
If, due to certain circumstances, the number of individuals of T. caelestialium is insufficient to meet experimental requirements, the storage of eggs at a low temperature could be expedient. As shown in the present study, 54.1% of all the nymphs and 50.9% of all the adults emerged on the 7th and the 20th days after collecting the eggs, respectively (Fig. 1) . The hatching rate of the eggs exposed to the low temperature for 4 d was 91.9% of the control (Fig. 2) . The nymphal survival and periods of the eggs exposed to the low temperature were almost the same as those for the control (Figs.  3 and 4) . Assuming that the females deposit the same number of eggs every day, we can obtain maximum approximately 15 nymphs per day per female when they were maintained at a constant temperature of 25°C. On the other hand, by collecting eggs daily for 5 d, storing them together at 4°C for 4 d or less, and then setting them in an incubator maintained at 25°C soon after the final collection, we can obtain at least 69 nymphs per female in all (i.e. 15 nymphsϫ5 dϫ0.919) and 54.1% of them (at least 37 nymphs) on the 7th day after the final egg collection. Thus, more than 2.5 times as 440 T. SAKURAI and M. SAKAKIBARA Fig. 4 . The developmental periods from placing T. caelestialium eggs in an incubator maintained at 25°C to hatching and adult emergence, following exposure the eggs to a low temperature (4°C) for 0 (control), 4, 7, 10, or 13 d. The number of eggs examined is shown in parentheses. Error bars indicate the SE. For both periods, no significant differences were observed among the 5 groups (Kruskal-Wallis test). many nymphs as compared to the situation in which the eggs are continually maintained at 25°C should hatch on the same day. Similarly, the exposure of eggs to 4°C for 4 d or less should give us more than 2.4 times as many newly emerged adults on the same day as the non-exposure condition. Although the hatching rate was significantly different between the 7-d exposure group and the control, exposing eggs to 4°C for 7 d or less might also be effective. By storing eggs collected daily in a refrigerator for 7 d or less, we can obtain at least 3.9 times as many newly hatched nymphs and at least 3.7 times as many newly emerged adults on the same day than with non-exposure to the low temperature. Although the above estimation was conducted for eggs collected for 24 h, we should be able to increase the number of individuals obtained for each unit time by shortening the time between egg collections; this is because a shorter interval decreases the variance of the distribution of the days on which the bugs emerge from setting eggs in an incubator.
Because the developmental zero temperature of T. caelestialium eggs is estimated to be approximately 10.5°C (Okuyama and Inouye, 1975; Takahashi and Higuchi, 2001 ), the hatching rate and possible storage duration of the eggs stored at between 4 and 10.5°C might be higher and longer, respectively, than those of the eggs maintained at 4°C. These features were, however, not examined in the present study; hence, further experiments will be necessary in order to test this hypothesis. However, if the storage duration is within 4 d, maintaining the eggs at 4°C is advantageous and has limited negative effects. Further, this temperature can be maintained easily since the temperature of refrigerators is usually set at 4°C.
In conclusion, we are able to obtain many newly hatched nymphs or newly emerged adults of T. caelestialium on the same day by storing the eggs collected daily at a low temperature for several days and setting them in an incubator soon after the final collection. Even if a female produces many eggs a day, exposing the eggs to the low temperature should be useful for conducting experiments that require a large number of insects or in circumstances where it is not possible to maintain a sufficient number of adults. By storing eggs at a low temperature and obtaining many newly emerged bugs on the same day, the rearing schedule might become more premeditated and the number of bugs maintained might be decreased. However, in order to establish the feasibility of such a rearing regime, it will be necessary to conduct further studies.
